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The development of gene targeting strategies for specific 
\ modification of genomic DNA in human somatic ceils has 

v provided & potential gene therapy for the treatment of 

inherited diseases. One approach, small fragment homolo- 
gous replacement (SFHR), directty targets and modifies ape* 
j tittc genomic sequences with smati fragments of exogenous 

DNA (400-600 hp) that are homologous to genomic 
, sequences except for the desired modification, This 

approach has been affective for the in vitro modification of 

axon 10 in the cystic fibrosis transmembrane conductance 

regulator (CFTR) gene in human airway epithelial ceils. As 

another step in the development of SFHR tor gane therapy, 

studies were carried out to target and modify specific gen- 



omic sequences In axon 10 of the mouse CFTR (mCFTR) in 
vivo. Small DNA fragments (7B3 hp), homologous to mCFTR 
except for a 3-op deletion (AF508) and a silent mutation 
which introduces a unique restriction site (Kpnt) t were 
instilled into the lungs of normal mice using tour different 
DNA vehicles (AVE, UpofactAMiNE, DDAB, SuparFect). 
Successful modification wbs determined by PCR amplifi- 
cation of DNA or mRNA-derived cDNA followed by Kpnt 
digestion. The results of these studies showed that SFHR 
can be used as a gene therapy to introduce specific modifi- 
cations into the ceils of clinically affected organs end that 
the celts will express the new sequence. Gone Therapy 
(2001) 8. 961-965. 
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Currently, there are two primary gene therapy 
approaches for the treatment of inherited disorders. One 
approach involves the introduction of a cDNA version of 
a normal gene via vita] or plasmid vector into cells, or 
'gene complementation'. 1 The other strategy involves 
site-specific modification of mutant DNA sequences by 
'gene targeting'. w Gene targeting has several advantages 
over gene complementation, including long-term and 
tissue-specific expression of the functional gene, no intro- 
duction of foreign sequences and no inuriune response. 
Several gene-targeting approaches have been developed 
for correction of mutations associated with generic dis- 
ease. These include RNA/DNA chimeric oligos/*" 6 triplex 
forming oligonucleotides, 3 *'" and small fragment homolo- 
gous replacement (SPUR). 2 - 11 - 1 * 

Gene targeting by SFHR employs small DNA frag- 
ments (400-800 bp) for sequence modification to add, 
delete, or exchange specific base pairs. The exogenous, or 

Correspondence: DC Cruaxeri. Human Molecular Genetics Unit, Depart- 
ment of Medicine, Coichesier Research Facility, University of Vermont. 
208 South Park Drive. Suite #2. Colchester, VT. 05446, USA 
-Dcaastd 

Received 8 December 2000; accepted 6 April 2001 



small DNA, fragments are essentially homologous to the 
targeted endogenous DNA sequences except for the 
particular base pairs (bp) that encode for the desired 
modification. To date, SFHR has been used to modify 
both extra-chromosomal or episomal, 14 '" and genomic 
DNA sequences in human transformed and primary cells 
in jribx>. w * Site-specific deletion of episomal DNA 
sequences has been shown by the targeted correction of 
a defective selectable marker gene, the Zeocin resistance 
gene, following transient co-transfection of a plasmid 
containing the defective gene and small DNA fragments 
into transformed human epithelial cells from cystic 
fibrosis <CF) patients,'*' 15 Site-specific addition of gen- 
omic DNA sequences has been demonstrated by the cor- 
rection of a 3-bp deletion in the CFTR (CF transmem- 
brane conductance regulator) gene of transformed and 
primary CF (AF50S genotype) airway epithelial cells that 
resulted in a normal, CI" ion transport phenotype. 12 - 13 In 
these experiments, a specific base pair modification 
(silent mutation) was concomitantly introduced by SFHR 
to create a novel restriction enzyme cleavage site within 
CFTR as a tag. 

The efficacy of SFHR as a gene therapy has yet to be 
tested in vivo. One difficulty in going from in vitro to in 
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vivo experiments is that the conditions relevant to transfer 
<the delivery vehicle, the target, and the route of delivery) 
are different For the experiments presented here, the 
transfer conditions were established as follows. Given the 
already overwhelming body of literature on different 
compounds for the delivery of DNA in vivo?"** 7 the deliv- 
ery vehicles that were chosen have either been previously 
used in vitro or have been tested for in uix/o delivery into 
the airways with reporter genes. The decision for target 
choice was based on the fact that the primary cause of 
death and morbidity in CF is due to hung infections; 
therefore, the development of an SFHR-based gene ther- 
apy for CF would include delivery into the lung. 1fl Stud- 
ies were performed in the lungs of normal mice as a proof 
of principle. Finally, the route of delivery was intratra- 
cheal instillation thereby ensuring direct delivery of 
replacement fragment into the target organ, ie the air- 
ways of the lung,"' 20 as opposed to aerosol* 1 or 
systemic delivery. 22 

The potential of SFHR as an m vivo gene therapy was 
assayed using small DNA fragments (783 bp) that were 
designed to introduce a site-specific 3-bp deletion in exon 
10 of the endogenous mouse CFTR (mCFTR) sequence in 
lung cells of normal mice thereby creating a AF50S geno- 
type. As an additional tag, the small DNA fragments con- 
tained a silent mutation that introduced a unique Kpnl 
restriction enzyme cleavage site into the targeted regions 
in the mCFTR (Figure 1). The fragments were complexed 
with one of four artificial DNA delivery vehicles: con- 
densing agent and phospholipid (artificial viral envel- 
ope - AVE), 17 cationic lipid (LipofectAMINE; Life 
Technologies) or dim ethyl-dioctadecyl-ammonium- 
bromide (DDAB), 23 or cationic polyamidoamine 
(starburst dendrimer, SuperFect, Qiagenr 4 and intro- 
duced into the Jungs of normal mice via intratracheal 
instillation. Successful site-specific deletion of 3-bp in the 
mCFTR gene was determined by PCR amplification of 
DNA or mRNA-derived cDNA followed by Kjml restric- 
tion digest. Allele- specific primers, mCF3-N and rx»CF3- 
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AF, were used to distinguish between normal and AF508 
sequences (Figure 1 and Table 1). 

Site-specific modification of exon 1U in normal mCFTR 
by SFHR resulted in the expression of AF508 RNA as 
indicated by allele-specific RT-PCR analysis of RNA from 
the lungs of mice 3 days after intratracheal instillation of 
4 u,g or fragment via delivery vehicles AVE (Figure 2), 
UtxjfectAMINE (Figure 3) or DDAB (Figure 4a). In 
addition, PCR amplicons could be cut by Kpnl thus indi- 
cating that in addition to the deletion of 3 bp, the single 
base pair that gives rise to this unique restriction site, was 
modified (Figure 2 and Figure 4b). Overall, six of 13 
(46%) mice tested at this dose (4 vig) were positive for 
the modification. Successful modification was most 
reproducible at this dose with the DNA vehicle AVE 
(three of three mice, or 100%) followed by LipofectAM- 
INE (two of three mice, or 66%) then by DDAB (one of 
two mice, or 50%). Modification was least reproducible 



Figure 1 Schematic diagram of the PCR amplification strategy used to 
analyze successful SFHR of mouse CFTR, The small DNA fragments u\tr? 
first denatured into single-strands (ss) by boiling for 10 min and then 
placed on ice. Fragment (4 pg or 20 m$) was mixed with one of 
four artificial DNA delivery vehicles: condensing agent and -phospholipid 
(artificial vital envelops ~ AVE), 1 * Cfitiemic lipid (LipofectAMINE; 
LifcTechnclogies, Carlsbad. CA, USA) or dimethyt-dioctadecyl- 
ammonium-bromide (DDAB)P or cationk pofyamidoamme (starburst 
dendrimer, SuperFect, Qiagen, Valencia, CA, USA?' and introduced into 
the lungs of norma] mice vio intratracheal instillation. Before instillation, 
mice iCDl, female, 5-6 tosete, 20-25 g) were anesthetized by Inhalation 
of mcthoxyfiurant inhalation, 12 The ON A/vehicle complex (~10O /xf final 
volume) was instilled into the mause lung via the trachea using a Hamil- 
ton syringe with a blunt, curved end. Control mice were instilled with 
isotonic solution. Afterwards, the mite were exposed to oxygen until they 
recovered. They were fed a normal diet and were monitored twice daily 
fur arty signs of Stress until they were killed (3-7 days after instillation). 
The tissues (lung, truchta, heart and liver) were harvested, fast frozen in 
liquid nitrogen and then homogenized with a glass mortar and pestle in 
TRlzol Reagent (Life Technologies), DNA and RNA were purified accord' 
ing lo the manufacturer's directions for subsequent analysis by PCR 
amplification, (a) Th? genomic target fit these studies comprises mCFTR 
exott 10 (codons 455-528) and flanking mtron regions. The small DNA 
fragment (78$ bp) used to target this loCUt n defined by a region of horn* 
ology on the mCFTR geue from primer mCFl to mCFJ5- The fragments 
are homologous to normal mouse mCFTR sequence? except that coaon 508 
tttl) is deleted, iV AF5QS. and titat a silent mutation has been introduced 
into codon 50 J (act — act) to create a unique Kpnl site. The fragment is 
generated by PCR amplification with primers mCFl and mCF15 using, 
as a template, a copy of the fragment that has been cloned into p&luescrjpt 
$K- and sequenced. Briefly, 2 ng of ptasmid Ore amplified in 1 x PCR 
buffer, 2 mM MgC/ 5 , 250 'pM dNTPs, 40£) nw of each primer . 2 U Taq 
polymerase (Perkin-Elmer, Boston, MA, USA) in a 100 fd reaction (94*C 
2 mm, initial denaturation then 25 cycicS of denaturation, $4*C for 30 
sfamiealmg, 60*C for 50 $fcxttnsion, 72°C for 1 mm, with a final exten- 
sion at 72°C for 5 min). AlleU-spcdfic PCR analysis of DNA wqb perfor- 
med using primer mCF4 (sense) and either antf-sense primer mCF3*N 
(specific for normal sequence) or mCFS-AF (specific for AF5Q8 sequence)- 
The altele-specific PCR conditions ufcre the same as above, except tlwt the 
annealing temperature was 59° C and tlmt the amplification was Carried 
Out fur 35 cycles, (b) Location of the primers for PCR amplification of 
mRNA-derived cDNA. Isolated RNA was first subjected to VNatc (1 U 
DNasc in 40 mw Tris. pH 8 JO, 6 m*t MgQ 7 , 2 mht CaG 2 at 3T°C for 
10 min), extracted with plienoifchloroform and precipitated with tso-pro- 
panot. The purified RNA was then reverse-transcribed (BuperSaipt; Gib* 
eo3RL, Bethesda, M.D, USA) into first-strand cDNA. Non-attele specific 
PCR amplification was initially performed on the cDNA samples to insure 
that mCFTR was expressed and that the mRNA was not degraded (data 
not shown), Allete-spccific PCR amplification was performed using primer 
mCFU (sense) and either ant i- sense primer mCF$-N (specific for iiormal 
sequence) or mCF3-AF (specific for AF508 sequence). The PCR conditions 
were the same as for the amplification of DNA. 
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Table 1 Primer sequences 



Primer name 



Primer sequence (5' — - 3') 



Sense or anti'Sense 



Atkle^specific? 



mQH 

mCFl 

mCFU 

TnCF3.N 

mCF3-AF 

mCF15 



cacactcatgtacttaqaccatagg 
gcctacaaaagtccctgtatcatg 
cttctggcaaatcctgtgctgaa 
atcataggaaacaccaaa 
atcatacgaaacaccgat 
ggggtccttg a catctttacat 



sense 
sense 
sense 
anti-sense 
&nti-£enfie 
anti -sense 



no 
no 
no 
yes 
yes 
no 



CD 



963 




bp 

234 
198 



35 



figure 2 This study evaluated the ability of tkf artificial viral envelope 
(AVE) complex to facilitate DNA delivery for SFHR-mediated modifr 
cation of endogenous mCFTR. Experimentally, three mice were transfected 
with a DNAfvehicle complex prepared using 12 m£ DNA fragment, 36 
fxg of AVE, 6 vg protamine sulfate tmdJ20 pgofa polypeptide fusogen 
(ATI 6011) thai enhances uptake of the DNA complexes. After 3 days. 
RNA was isolated and subject to allete~spcrific RT-PCR (mCFllfmCFl- 
AF) followed by Kpnl restriction digest. The resulting products were run 
on a 3% NuSieve gel with a 4X174 HaelJI DNA ladder (MW). Lane C 
is a AF503 positive control; utmYiisa water control; lanes 1-9 are from 
the three transfected mice (mouse 2, tones 1-3: mouse 2, lanes 4-6; mouse 
3, lanes 7-9); lanes 16-12 an from a control (norma}) mouse that received 
glucose only. The tissues in each lane are as follows; trachea (lanes 1. 4. 
7, 10). fiver (lanes 2, 5, fl, 11) and lung (lanes C. 3, i t 9, 12}. Expression 
of AF-CFTR (234-bp band) was detected m the lung samples from all 
three transfected mice (lanes 3, 6, 9) at wtti as the AF508 control mouse, 
however, only PCR ampUcons from the transfected mice were cut after 
Kpnl restriction digest The 198-bp band can be dearly seen in all three 
transfected samples whereas the 36 -hp band cannot be resolved. The 
ampllcon from mouse 2 i$ Only partially digested. The non-specific band 
(-350 bp) has not been identified. 



with SuperFect (none of five mice, or 0%). The success of 
modification remained the same with DDAB when the 
amount of fragment was increased to 20 (one of two 
mice, Figure 4) and with LipofectAMINE when the 
amount of time after instillation was increased to 7 days 
(two of three mice, Figure 5). 

These studies demonstrate SFHR-mediated site-specific 
deletion of 3 bp in endogenous mCFTR DNA and RNA 
in the lung cells of normal mice. These results cannot be 
readily attributed to a PCR artifact that entails the frag- 
ment serving as a primer in PCR amplifications. In pre- 
vious experiments, false positives were not observed after 
alieie-specific PCR amplification of genomic DNA mixed 
with up to the equivalent of 1000000 small DNA frag- 
ments per eel). 12 In the experiments presented here, 
mouse Jungs were exposed to a maximum of ^57000 
fragments per cell given an average lung weight of 160 
mg. The actual number of fragments that were success- 
fully delivered into cells and therefore present at the time 




234 bp 



Figure 3 In this study. 4 tig of fragment was instilled into the lungs of 
three mice after betttg completed vuiih 7.2 fiJ of UpofeCtAMINE (1:2 nega- 
tive to positive charge ratio). Tissue was harvested 3 days after transec- 
tion. Altetespecific PCR amplification (mCFllfmCF3-AF) ttwu performed 
an mRNA-derived cDNA from lung tissue from all three mice (1-3) at 
well as a control (N - w>rmaD mouse that received saline solution and a 
AF508 homozygous mouse (AF). The results confirm expression of exogen- 
ous AF506 sequences in two of the transfected mice <2 and 3) hut not in 
mouse 1 or the control, There vms no spurious amplification from samples 
that were not reverse-transcribed. The differences in PCR band intensity 
are attributed to amplification conditions and are not necessarily refictthc 
of the amount of CFTR-RNA present in the samples. 



of DNA and RNA isolation is less than 40%, resulting in 
at most 22800 small DNA fragments per cell* 5 In 
addition, a false positive due to contaminating DNA 
(genomic or small fragment) in the RT-PCR ampliHcation 
reactions is highly unlikely because each RNA sample 
was treated with DNase (see Figure \ legend), 

Expression of AF508 mCFTR mRNA was observed in 
lung tissue after intratracheal instillation of the small 
DNA fragment with three of four DNA delivery vehicles 
tested using DNfA;vehicle ratios that were established in 
vitro. While it is clear that there are multiple factors that 
can influence the success of modification by SFHR other 
than the delivery vehicle, the data suggests that AVE > 
LipofectAMINE > DDAB > SuperFect in terms of repro- 
ducibility. The finding that there was no modification 
after intratracheal instillation with the cationic polyami- 
doamine (SuperFect) may be due to the delivery system. 
However, we cannot rule out the possibility that those 
individual variations in the mice and /or the rransfection 
conditions may play a role in the effectiveness of an indi- 
vidual delivery vehicle. While the results of these experi- 
ments demonstrate SFHR-mediated modification, the 
actual frequency of modification was not determined. 
The PCR amplification conditions used for analysis were 
designed to detect ailele-spedfic modification of DNA 
and RNA sequences. To assess frequency, the PCR ampli- 
fication will need to be normalized to an external controL 
In addition, the different rates of RNA expression and 
degradation between normal and AF508 mice need to be 
considered for such subsequent evaluation. 

The findings presented here support observations by 
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-*-Z34 bp 




bp 

•234 

L 19a 



36 




> was mixed 
j addm^280 p] 

two mice were transfettcd with 20 M * of foment (100 vJ of the first dilution) and a cont'roY normal movse recei^'lOO^afsK dexho^fia) ' Tissues 
(lung (U. trachea (T). luart (Hi) uvre harvested from the mice on day 4 after transaction. Altcie-specific RT-PCR analysis (mCFUlmCF3-AF) the 
RNA u«5 performed. The PCR products from four mitt are shount here: lanes 1 ti), 4 (T) and7 <H) are from one mouse transected with 4 lanes 
2 (D, d <T) nnd 8 <W arc from One mouse tranced with 20 fig: lanes 3 (U, 6 (T) art 9 (H) are from the control transfected mouse- lane V)'l\ivzT) 
and lane 11 (L) are from an uniransfecttd, heterozygous (NJA508) mouse: lane 12 is a water control: lane M is a 100-bp DNA ladder Alieiespecific 
amplification of sample* from the other two transected mice did not pmdueca product. (b)Kpttl restriction digest was performed on select mCFWrnCFi- 
AF PCR ampJiwnsfrom (a). Lane I, uncut PCR product (254 bp): lane 2, one mouse transferred xoith 4 fig (lane 1, part al lane 3, one mouse transfectcd 
unth 10 Kg (lane 2, part a): lane 4, water control: tone 5, AF508 keterozygote control mouse: lane 6, wtier control Only the PCR ttmpliccms from 
trajufectcd mice were cut after Kpnl restriction digest. The fact thai only partial digestion is teen m Figure 2 and 4b suggests that modification of both 
targets if Hot ttnkcd. ' J 




783 bp 
520 bp 

ft* bp 



FiguniS Successful SFHR-mcdiated modification of genomic mCFTR 
Sequences. Vie sma.lt DNA fragment (4 fig) was compicxed with Upofcct- 
AMJNt (1-2 negative to positive charge ratio) before instillation uitu three 
mice. DNA was isolated from the tuugs 3 day* after transition and 
alldc-specific PCR u«5 performed (mCF4fmCF3-N and mCF4fmCF$-AF). 
Vie results from one mouse are shavm. lane 2> mCf 4/mCf3-4F (476 bp) 
uncut; tanc 2, mCF4fmCF3-AF Kpnl: lane 3, t»CF4{mCF3-N (479 bp) 
uncut: mCF4lmCF3*N Kpnl Only the PCR product from tiie 
tnCF4lmCF3-AF amflifieathm is cut with Kpnl lanes 5 and b show the 
uncut and Kpnl cut small DNA fragment (783 bp). From this tt/pe of 
analysis, /aw of the three mice UxVf sltovm to be positive, 

others that in vitro conditions can be extrapolated to in 
xn'w transferor, especially when the in vitro studies were 
carried out in a relevant cell type. 1 *^ Given the obser- 
vation that at least one mouse per experiment showed 
successful modification with lipid vehicles, in vitro 
experiments can be useful (or defining some of the con- 
ditions for effective in vivo DNA transfer with lipids. The 
ultimate optimization of transfection efficiency will; how- 
ever, require analysis in viva. 

On the other hand, in vitro conditions are not always 
an indication of in vivo success for some vehicles. In m 



Gsrte therapy 



vitro studies, the polyamidomine dendrimer was superior 
to the other delivery systems described here in airway 
epithelial cells. 27 However, other studies have found that 
the conditions for dendrimer-mediated intratracheal 
delivery of the DNA need to be carefully titrated 2 * As 
such, it is highly probable that in our case, the conditions 
necessary for successful in vivo delivery were not the 
same as successful in vitro conditions. Systemic delivery 
of DNA by the dendrimer complex would be an alterna- 
tive route that will need to be investigated further for 
optimal and specific delivery. 5 * Finally, it is not obvious 
why successful modification was more reproducible with 
AVE than the other vehicles, although AVE is overall 
negatively charged, in contrast to the net positive surface 
charge of the other vehicles. One possibility is that AVE 
may be more effective in targeting the fragments to cells 
that express CFTR. Alternatively, Lipofect AMINE, DDAB 
and SuperFect complexes may not readily dissociate in 
the cytoplasm to facilitate nuclear delivery. 14 - 13 

These results indicate that SFHR has potential as a gene 
therapy. Previous studies have shown that cDNA can be 
delivered to the lung with cationic lipids for gene comp- 
lementation. 2 *'*^ The results presented here show that 
DNA fragments can also be delivered to the lung and 
that SFHR-mediated gene targeting is a viable route for 
lung /airway SFHR- media ted gene targeting. The frag- 
ments, at the doses tested here, are delivered to the 
appropriate cells, ie those cells expressing mCFTR 
niRNA. Moreover, given that AP508 mCFTR DNA was 
detected 7 days after transfection, the results suggest that 
SFHR effects a permanent genomic modification that 
would lead to RNA expression throughout the lifetime 
of the cell. Finally, the findings indicate that SFHR is pre- 
cise in that AF508 mCFTR mRNA sequences were only 
detected within the target organs, the lung and lower air- 
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ways, but not in the trachea, liver, or heart (Figure 2). 
Thus, SFHR appears to have therapeutic potential within 
the airway epithelium, and with further study could be 
developed into a viable gene therapy for CF airways. 
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